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ABSTRACT
Heat Pump Water Heater (HPWH) systems can help achieve decarbonization goals while providing a method to heat
water that outperforms electric resistance heating in terms of energy efficiency. Nevertheless, vapor compression
systems are restricted to operate within the compressor envelope, to protect the compressor from excessive pressure
ratios and discharge temperature that could damage the equipment.
This paper presents the experimental study of a R134a HPWH system. The experimental facility used is a residential
HPWH unit, which contains a finned-tube evaporator, a low-pressure side accumulator, a rotary compressor, an
electronic expansion valve, a wrap-around coil condenser, and a water tank. Tests are carried out with water in warmup condition where the water is heated to a set point temperature without any water draw from the system. The
experimental facility is placed in an environmental chamber where a PID-controlled heater is used to maintain a
constant ambient temperature.
A new storage heat pump cycle that aims to improve the operating temperature range of the conventional heat pump
system by the means of energy storage at an intermediate temperature level is also discussed. Implementation of the
new concept would require a split-condenser design and the system operation in two different modes to achieve the
higher operating temperature range. The experimental results obtained for the conventional system can be used in
evaluating the performance of the new system and determining its applicability when compared to the conventional
system.

1. INTRODUCTION
1.1 Background and Objectives
Heat Pump Water Heater (HPWH) system operates on the principle of vapor compression cycle and thus offers a
much higher energy utilization efficiency as compared to conventional methods like electric resistance heating.
However, the performance of a HPWH system depends on the surrounding conditions as well as the water temperature
and these systems are often restricted to operate within a certain temperature range. A higher temperature difference
between the ambient (heat source) and water (heat sink) would lead to a higher compression ratio and discharge
temperature which can cause problems like degradation of lubricants and a lower heating capacity. HPWH systems
face this situation when it is required to provide high temperature water in cold ambient conditions. A new storage
heat pump concept aimed at improving the operating temperature range of HPWH system is introduced in this paper.
Experimental study of a conventional R134a HPWH system with wrap-around condenser coil is carried out to obtain
the dynamic performance of the system. The experimental data for the conventional system would give an
understanding of the HPWH system performance under different conditions and it will also serve as a baseline for
evaluating performance of the new storage heat pump system. The new storage heat pump concept will be
implemented by modifying the conventional HPWH system to include a split-condenser design and a control strategy
for operating the system in two modes. In Mode I, the ambient air acts as heat source for the evaporator and the water
is heated from a low to intermediate temperature. Then the system operation switches to Mode II, where the wraparound coil is split by a throttle valve to use top portion as condenser and bottom portion as evaporator. The water at
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022

2257, Page 2
intermediate temperature contained in the bottom region of the tank would now act as heat source for the evaporator.
This would lift up the evaporating pressure so that the system can continue to operate without exceeding the limits on
compression ratio.
Performance of HPWH systems have been studied by means of modeling and testing by several authors. Deutz et al.
(2018) developed a model of HPWH with mantle heat exchanger. Experimental data was also presented and used to
validate the model. Ibrahim et al. (2014) studied the performance of HPWH with immersed type condenser coil under
different climatic conditions by means of an experimentally validated model. Methods such as refrigerant injection in
HPWH system (Liu et al.,2008) and usage of cascade heat pump systems (Wu et al., 2012) have also been tested with
an aim to overcome issues of high discharge temperature and low heating capacity when operating the heat pump in
cold climate. Refrigerant injection can cause issues such as compressor slugging while the cascade systems can lead
to increased complexity and cost for the heat pump. The new storage heat pump concept introduced in this paper is
based on energy storage at intermediate temperature and can be implemented through a single-stage heat pump design.

2. EXPERIMENTAL SYSTEM
2.1 Experimental Facility
A schematic of the instrumented R134a HPWH system is shown in Figure 1. It is a modified facility from Li and
Hrnjak (2018). The system is an air source heat pump with a wrap-around condenser coil. The condenser coil is in the
form of two parallel aluminum coil tubes wrapped in several turns around a stainless-steel water tank of 50-gallon
(189 litres) capacity. The coil turns are spaced with varying pitch from the bottom of the tank to a certain portion of
total height of the tank. The cross-section of the tubes is slightly D shaped to increase the thermal contact area with
the tank wall. The other components of the vapor compression system are placed above the water tank. The system
uses an electronic expansion valve (EXV), rotary compressor and an accumulator placed upstream of the compressor.

Figure 1: Schematic of the experimental facility: Conventional HPWH system with wrap-around coil
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The evaporator is 2 circuit fin-tube type with 13 passes per circuit and a fan attached at the back of the evaporator coil
to drive the air flow. A wind tunnel placed behind the evaporator is used to measure the air flow rate which is obtained
by measuring pressure difference across a nozzle in wind tunnel and calculating the air velocity. Blower is installed
at the back of the wind tunnel to compensate for the resistance imposed by the nozzle to the air flow. The original
system also contained two immersed electric resistance heating elements to be used under the conditions when the
heat pump is unable to supply the required heating capacity. For the purpose of this study, these elements were
removed from the tank so that the water heating is only done using the vapor compression system.
In order to obtain the refrigerant properties at key points in the vapor compression cycle, pressure transducers and Ttype thermocouples are installed at several locations on the refrigerant loop. Differential pressure transducers are used
to measure the pressure drop across the evaporator and condenser. A Coriolis type mass flow meter and a filter drier
are installed in liquid line between the condenser outlet and the expansion valve inlet. Compressor power consumption
is measure by a Wattmeter. On the water side, 10 T-type thermocouples are placed vertically at interval of 10.16 cm
inside the water tank to monitor the water temperature during the heating process. On the air side, four type -T
thermocouples are placed at the front surface of the evaporator and at the end of wind tunnel to measure the change
in air temperature. Measured data is collected at an adjustable time interval by a data acquisition system consisting of
21x micro logger and two relay multiplexers having 16 channels each. The entire system is placed in a chamber which
uses PID controlled heater to maintain a constant ambient temperature.

2.2 Data Reduction and Uncertainty
Uncertainty in the measured variables is estimated by the error propagation rule using equation (1). The variable 𝑦 in
equation (1) is the calculated variable which is a function of measured variables 𝑥𝑖 , and 𝑢(𝑥𝑖 ) is the uncertainty of the
measured variable. The overall uncertainty for variable 𝑦 is given by 𝑢𝑐 .
𝑁

𝑢 𝑐 = √∑ (
𝑖=1

𝜕𝑦 2
) 𝑢 (𝑥𝑖 )
𝜕𝑥𝑖

(1)

The equations (2) through (4) are used to obtained the heat pump performance using the measured variables. The
enthalpy for single phase refrigerant can be obtained from the known values of pressure and temperature at any
location in the cycle. Condenser and evaporator capacity are calculated using the enthalpy values at inlet and exit of
the of the components and the measured refrigerant mass flow rate value. Compressor power consumption is obtained
from the wattmeter. Heating Performance Factor (HPF) of system is obtained as shown in equation (4). HPF is the
ratio of condenser capacity to the compressor power consumption.
𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑟𝑒𝑓 ∗ (ℎ𝑐𝑟𝑖 − ℎ𝑐𝑟𝑜 )

(2)

𝑄̇𝑒𝑣𝑎𝑝 = 𝑚̇𝑟𝑒𝑓 ∗ (ℎ𝑒𝑟𝑜 − ℎ𝑒𝑟𝑖 )

(3)

HPF = 𝑄̇𝑐𝑜𝑛𝑑 /𝑊̇𝑐𝑜𝑚𝑝

(4)

The uncertainty for the instruments used in the experiment along with overall uncertainty for the calculated variables
is shown in Table 1.
Table 1: Summary of measured and calculated property uncertainties
Instrument

Thermocouple
(℃)

Uncertainty

±0.1

Absolute
Pressure
transducer
(kPa)
±0.25%

Differential
Pressure
Transducer
(kPa)
±0.1%

Mass
Flow
Meter
(g/s)
±0.15%

Wattmeter
([W])

Heating
Capacity
(𝑄̇𝑐𝑜𝑛𝑑 [𝑘𝑊])

±0.2%

±0.46%

HPF

±0.54%
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3. CONVENTIONAL SYSTEM RESULTS
The experimental system being used is hybrid electric heat pump water heater system which can heat the water using
a vapor compression system or electric heating element as per the user selection. The electric heating elements were
removed from the water tank so that only the heat pump is used to heat the water. The test is carried out with water
in the warm-up condition wherein the water contained in the tank is heated to set point temperature without any water
draw from the system. Tank is filled with water at initial temperature of 25℃ and the system operates until the
compressor is cut off automatically by controller of the heat pump system. Compressor is stopped when the water
temperature reaches about 48℃. This is the limit for water temperature set within the controller to which the heat
pump system can operate while only using the vapor compression system to heat the water. The system is charged
with 800g of R134a refrigerant. This is higher than the manufacturer specified charge of 725g as the system contained
a longer length of liquid line as compared to the factory installed system. Liquid line length was increased in order to
install the refrigerant side mass flow meter and filter drier in the system. The average subcooling for the run time was
10℃ and the expansion valve superheat was set at 10℃.
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The HPWH unit takes about 3 hours (180 minutes) to heat the water from 25℃ to 48℃. The HPWH units is kept
inside a chamber with temperature maintained at around 27℃. Figure 2 shows the change in heat exchanger capacities,
power consumption and system HPF with respect to the time. Data is recorded at an interval of 10 seconds however
it is plotted at interval of 5 minutes and averaged over 2 minutes for getting a smoother plot. It is observed that the
capacity of both condenser and evaporator reduces with time while the compressor work increase. This is mainly
because the temperature of the water which acts like external fluid to the condenser in the vapor compression system
increases with time. This also causes a reduction in Heating Performance Factor of the system.
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Figure 2: Condenser capacity, Evaporator capacity,
Compressor power and HPF for HPWH system in the warm-up
test
The P-h and T-h plots for the system are shown in Figures 3 and 4 respectively. The condensing pressure increases
with time as the water contained in the tank heats up. The pressure ratio for the compressor keeps increasing due to
this increase in condensing pressure while the evaporating pressure does not change significantly (as the ambient
temperature for the system is controlled by a PID heater in the chamber) . The rise in condensing pressure also
generates a slightly higher subcooling because of a steeper liquid-phase line of R134a. The superheat is controlled at
a relatively constant value by the electronic expansion valve.
Water side temperature is measured by 10 thermocouples placed vertically in the tank with 10.16 cm interval. The
temperatures for all these thermocouples are shown in Figure 5. The temperature stratification effect resulting from
the natural convection of water in the tank is also evident as the water in top region is at higher temperature as
compared to water contained the lower region of the tank.
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Figure 4: Plot of Temperature vs Enthalpy at various
time instances for HPWH system in the warm-up test

Figure 3: Plot of Pressure vs Enthalpy at various time
instances for HPWH system in the warm-up test
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Figure 5: Change in water temperature from initial to
set point temperature in the warm-up test

Figure 6: Thermocouples placed
vertically in the water tank

4. NEW STORAGE HEAT PUMP CONCEPT
4.1 Proposed Storage Heat Pump System
The layout of a conventional HPWH with wrap-around condenser coil is shown in Figure 7. The system transfers the
thermal energy from ambient air to water contained in the tank at a relatively higher temperature. The schematic also
shows how temperature stratification occurs in the water tank due to the condenser inlet near the top of the tank.
Suppose the air source from which the HPWH receives energy is at a too low temperature and the water contained
in the tank is to be heated to reach a target temperature of say 50℃ . In such a case, the HPWH may not be able to
heat the water to the target temperature because the compressor would have to be cut off to avoid excessive pressure
ratios and discharge temperature. Heat pump systems commonly use a back-up heat source such as electric coil which
can be used to heat the water up to the target temperature. The layout of a system operating based on storage heat
pump cycle is show in Figure 8. The setup shown in Figure 8a is first used to heat the water tank from a low to an
intermediate temperature level while using the full heat pump functionality, which means free energy from the
surrounding ambient is elevated by use of compressor work. In Mode I, the wrap-around coil is fully used as a
condenser and the connecting valve between the two condenser segments is fully opened to avoid throttling.
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Figure 7: Layout of conventional HPWH system with wrap-around condenser coil
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Figure 8: Modified HPWH concept with split-condenser design; a) Mode I: low-to-medium temperature using
full heat pump functionality b) Mode II: medium-to-high temperature by splitting the wrap-around coil
Once the tank reaches an intermediate temperature level, then the heat pump is switched to Mode II. In Mode II, the
fan of the evaporator is turned off and this heat exchanger remains unused in this mode. Instead, the throttling valve
in between the two condenser segments is used to operate the top portion still as a condenser and the lower portion
as the evaporator. Now, the water at intermediate temperature present in lower region of tank would act as heat source
for the evaporator. This increases the evaporating pressure and reduces the pressure ratio which allows the system to
continue the operation until the system reaches the desired tank end temperature at the top. It should be noted that
the energy received by the system in Mode II comes from within the system. Temperature of water contained in the
lower section of tank (from bottom of tank to height at which the coil is split) would be reduced due to heat extraction
by the evaporator. Heat conduction between the top and bottom section would also affect the water temperature.
The new concept allows the system to reach the target water temperature without using a backup heating element.
The concept is especially attractive where the HPWH is powered by limited electric power (115VAC at limited
current draw) which prohibits the use of backup heating elements. However, the tank will not heat up faster than in
the conventional HPWH design shown in Figure 7. Instead, this new concept allows to reach high water end
temperatures that could otherwise not be reached with a single-stage HPWH design. Involving the water tank as
storage element is similar to a two-stage compressor concept, but here the two stages are implemented through
involvement of time. The concept is further explained by plotting the expected trends of refrigerant saturation
pressures and resulting water tank temperatures as shown in Figure 9. The trends for conventional system are shown
in Figure 9a and 9b. Similar trends were observed in experimental results obtained for the conventional system.
Figures 9c and 9d show the expected trends for the new system and are yet to be validated experimentally.
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Figure 9: a) Refrigerant saturation pressure and b) Water temperature profiles for conventional HPWH system of
Figure 7; c) Refrigerant saturation pressure and d) Water temperature for new storage HPWH concept of Figure 8.
Figure 9a shows the change in refrigerant condensing and evaporating pressure with time during the operation of
conventional system. The condensing pressure keeps increasing as the water in the tank heats up whereas the
evaporating pressure would remain almost the same as the ambient temperature and air flow rate across the evaporator
are kept constant. Figure 9b shows trends for water temperature in the top and bottom region of the tank for the
conventional system. The water in top portion would be at higher temperature then the water in bottom region due to
effect of natural convection inside the water tank.
Figure 9c shows the refrigerant condensing and evaporating pressure variation with time for the new system. In the
Mode I, the system operation would be similar to the conventional system whereas upon switching to Mode II the
evaporating pressure would be lifted up as the water at a temperature higher than the ambient air temperature becomes
the heat source for the evaporator. The condensing pressure will continue to increase with time due to top part of wraparound coil being still used as condenser in Mode II. Instead of remaining almost constant as in Mode I, the
evaporating pressure will reduce with time in Mode II as the water contained in the bottom portion of tank is cooled
down by the heat extraction from the evaporator.
Figure 9d shows the expected trends for water temperature in the top and bottom portion of the tank for the new
system. During the system operation in Mode II, water contained in the lower section of the tank (up to the height at
which the coil is split) would be cooled due to heat extraction by the evaporator while the water in upper section of
tank would continue to heat up by the heat rejection from the condenser. Conduction between top and bottom sections
of tank would also affect the water temperatures and is indicated by the reduced slope of the water temperature lines
when operating for a longer time in Mode II.

4.2 Expected Trends for the Storage Heat Pump System
HPWH system operating on the new storage heat pump cycle would have the same performance as the conventional
system in Mode I, whereas in Mode II, the system performance will depend on three main parameters that include
split-ratio for the wrap-around coil (number of coil turns used as evaporator/number of coil turns used as condenser),
compressor speed and mode switch time.
The time at which system switches operation from Mode I to II is referred as the mode switch time. It would be more
beneficial with regards to overall energy efficiency to keep the mode switch time as high as possible. This is because
a higher mode switch time would result in a more elevated water temperature at end of Mode I and would give a higher
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022
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lift in the evaporating pressure upon switching to Mode II. However, the mode switch time would be limited by the
operating temperature range of the system in Mode I. Figure 10 shows the expected effect of split-ratio and compressor
speed on the vapor compression system of HPWH operating on storage heat pump cycle.
𝑃𝑟 =

𝑃𝑐𝑜𝑛𝑑
𝑃𝑒𝑣𝑎𝑝

Mode I

Mode II

𝑄̇𝑐𝑜𝑛𝑑

Mode II

Mode I

Split-ratio
(𝑁𝑒 /𝑁𝑐 )

Compressor Speed
Mode II
= Mode I

Mode II
< Mode I

3:7
4:6
5:5

(a)

Time

(b)

Time

Figure 10: Expected trends for a) Pressure ratio and b) Condenser capacity vs Time for different splitratio and compressor speed for the storage heat pump system
Figure 10a shows the expected trends of pressure ratio. The trends followed in Mode I would be same as for the
conventional system. The pressure ratio keeps increasing in Mode I due to the increase in condensing pressure while
the evaporating pressure remains almost constant.
The system uses fin-tube type of evaporator in Mode I while using a part of wrap-around coil as evaporator in Mode
II. The fin tube evaporator offers a large surface area due to the presence of fins as compared to the wrap-around coil
type evaporator. The wrap-around coil evaporator would have water moving under natural convection near tank wall
as the external fluid whereas the air flows in forced convection across the fin-tube evaporator. The overall heat transfer
coefficient is expected to increase for wrap-around coil evaporator but a significant reduction in the area would lead
to the wrap-around coil evaporator having a much lower overall thermal conductance (UA) as compared to the fintube evaporator. Based on results obtained as a part of a parallel modeling study (Patel and Elbel, 2022) of the system,
it was observed that UA value for evaporator is reduced by about 1/3 in Mode II for the 3:7 split-ratio. Similarly, the
condenser size in Mode II will be smaller than the size of condenser in Mode I as only partial length of wrap-around
coil is used as condenser in Mode II.
Due to the smaller size of heat exchangers for the system in Mode II, the compressor speed would have to be reduced
to match the compressor capacity with size of the heat exchangers. If the compressor speed is kept same then it will
lead to a higher condensing and lower evaporating pressures both of which will contribute in increasing the pressure
ratio. The required reduction in the speed would be proportional to the reduction in UA value for the evaporator upon
switching to Mode II. With the reduced speed, a lift in the evaporating pressure for the system can be achieved upon
switching to Mode II as an effect of using intermediate temperature water as the heat source. The lift in evaporating
pressure will be the main factor contributing to lowering the pressure ratio upon switching to Mode II.
For a certain compressor speed, the split-ratio in Mode II will determine the relative sizes of the condenser and
evaporator and would directly impact the system performance. Upon increasing the split-ratio, the size of evaporator
in Mode II increases while the size of condenser reduces. Thus, increasing the split-ratio will give a higher lift in the
evaporating temperature (contributing towards reducing the pressure ratio) as well as a higher condensing temperature
(contributing towards increasing the pressure ratio). For the refrigerant R134a, the slope of saturation pressure versus
saturation temperature curve is steeper at higher temperatures which would mean that for a certain amount of increase
in the saturation temperature, the change in saturation pressure will be larger at a higher temperature. Thus, the rise in
condensing pressure would be more than the rise evaporating pressure and this will have an overall effect of increasing
the pressure ratio. Hence, a lower split-ratio is expected to result in a lower pressure ratio for the system in Mode II.
However, other than the pressure ratio, factors such as limits on the absolute value of the suction and discharge
pressures, discharge temperature, values of overall heat capacity and efficiency also need to be accounted for in the
split-condenser design.

19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022

2257, Page 9
Figure 10b shows the trends for the condenser capacity or heating capacity. For the reduced compressor speed in Mode
II, the condenser will have a lower capacity in Mode II as compared to Mode I and the system with a larger split-ratio
will have slightly higher capacity due to the larger evaporator size. A simulation model for the storage heat pump
system was developed as a part of a parallel modeling study (Patel and Elbel, 2022). Modeling results were shown for
a split ratio of 3:7 and compressor speed in Mode II as 1/3𝑟𝑑 of compressor speed in Mode I. Total system run time
was taken as 240 minutes with the mode switch happening at 180 minutes. The plots of pressure ratio and heat
exchanger capacity obtained from the model showed the similar trends as in Figure 10.

5. CONCLUSIONS
The performance of a conventional R134a HPWH system was studied for the full heating period required to heat the
water to a set point temperature without any water draw from the system. A new storage heat pump concept aimed at
improving the operating temperature of heat pump system by means of operating the system in two different modes
is proposed. In Mode I the system operation is same as the conventional system whereas in Mode II the wrap-around
coil is split into condenser and evaporator in order to increase the evaporating pressure and reduce the compression
ratio. From the presented trends, it can be concluded that a suitable control strategy for the new system would involve
lowering of compressor speed in Mode II as compared to Mode I. Deciding the split-ratio would involve a trade-off
between achieving a lower pressure ratio or a higher heating capacity for the system in Mode II. The split-condenser
design and the control strategy for new system would be determined by simulating the system performance for the
different scenarios. New concept is to be implemented by modifying the existing experimental facility. Experimental
results obtained for the conventional system would be used in comparing performance of the new storage heat pump
system with the conventional system.

NOMENCLATURE
Symbol
DP
h
ṁ
Ne
Nc
P
Q̇
T
TC
UA
Ẇ

pressure difference [kPa]
enthalpy [kJ/kg]
mass flow rate [kg/s]
Number of turns of wrap-around coil used as evaporator
Number of turns of wrap-around coil used as condenser
pressure [kPa]
heat transfer rate/heat exchanger capacity [kW]
temperature [𝐾]
thermocouple
overall thermal conductance of heat exchanger [W/K]
power consumption / rate of work[kW]

Subscripts
ai
ao
comp
cond
cri
cro
ero
eri
evap
r
ref
w
xri

air inlet
air outlet
compressor
condenser
condenser inlet
condenser outlet
evaporator outlet
evaporator inlet
evaporator
ratio
refrigerant
water
expansion valve inlet
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